Understanding the links between large scale spatial structuring of fish assemblages and shaping factors is essential to develop comprehensive ecosystem-based fisheries management. In this study, we investigated spatial patterns of bottom fish assemblages in the North Sea in relation to prevailing water masses in the region. We based our analysis on catch data from the German Small-Scale Bottom Trawl Survey conducted between 1987 and 2005 and used both ordination techniques and Mantel tests. Spatial variability of bottom fish assemblages was larger than inter-annual variability. Five significantly different bottom fish assemblages were associated with the following prevailing hydrographical regimes: i) the English Channel, ii) Continental Coastal, iii) central North Sea, iv) northern North Sea, and v) northern Atlantic water masses. Associations were generated by gradients in relative proportions of abundant species such as grey gurnard (Eutrigla gurnardus), dab (Limanda limanda), whiting (Merlangius merlangus), haddock (Melanogrammus aeglefinus) and Norway pout (Trisopterus esmarki). Taking into account large scale spatial structuring of catch data Mantel tests confirmed significant correlation between the fish assemblages and hydrographical variables. In summary, our results strongly support the hypotheses that hydrographical features such as water masses, fronts, and residual currents could shape bottom fish associations in the North Sea. Spatial demarcations of bottom fish assemblages indicated by this study can be used to support ecosystem-based fisheries management strategies.
INTRODUCTION
Marine ecosystems are influenced by physical forces which cause structuring of biological communities. Significant relations have been found between single or combined environmental factors such as temperature and salinity with phytoplankton (Li et al., 1984) , zooplankton (Roemmich and McGowan, 1995; Speckman et al., 2005) , benthic communities (Bremner et al., 2006) , fish larvae (Hsieh and Chiu, 2002) , and fish (Anderson and Piatt, 1999) . In particular, areas exposed to highly variable oceanographic conditions, such as coastal areas and adjacent shallow waters (Jaureguizar et al., 2006) , and estuaries and bays (Jaureguizar et al., 2004; Speckman et al., 2005) , are characterized by species associations adapted to environmental change. The linkage between environmental and oceanographic factors with fish assemblages is of particular interest in current fisheries research, as the understanding of spatio-temporal marine ecosystems dynamics is crucial for ecosystembased fisheries management and climate change impact assessments (Menge and Olson, 1990; Gaertner et al., 2005) .
In the North Sea, studies have documented how oceanographic conditions influence fish community structures (Jennings et al., 2001; Southward et al., 2005) . For example, for pelagic species such as Atlantic herring, studies revealed that North Sea currents and fronts act as barriers (Sinclair and Iles, 1985; Corten and Van der Kamp, 1992) , and that densities of pelagic fish are high in areas located within current boundaries (see Maravelias et al., 2000) . For bottom fish assemblages, habitat features such as depth, temperature, salinity, and sediment type are reported as boundaries (Daan et al., 1990; Greenstreet and Hall, 1996) . For example, strong relations between the abundance of juvenile yellowtail flounder (Limanda ferruginea) and cold pool temperatures was demonstrated by Sullivan et al.(2005) , showing the role of thermal habitats in fish population dynamics at early stages. On a local or regional spatial scale, numerous studies have investigated the association of bottom fish assemblages to environmental factors in the North Sea or enclosed seas (Daan et al., 1990; Greenstreet and Hall, 1996; Rogers and Millner, 1996; Ellis et al., 2000; Callaway et al., 2002) . Independently from the area, studies have shown that the main driving forces forming communities structures are temperature and depth (Gomes and Headrich, 1992; Rogers and Millner, 1996; Ellis et al., 2000; Magnussen, 2002) , or salinity and depth (Pierce and Mahmoudi, 2001) . As yet, only a few studies have investigated the impact of oceanographic features on bottom fish assemblages over large spatial and temporal scales using surveys with standardized sampling designs (Gaertner et al., 2005) . Thus, there is an urgent need to expand local and regional studies to larger scales (Mahon et al., 1998) to understand linkages of ecological pattern and structuring ecological processes (Gustafson, 1998) .
In this study, we investigate linkages of spatial patterns in fish communities in the North Sea and prevailing hydrographical features. The North Sea is a heterogeneous body of water with large variations in depth, temperature, and salinity, and sub-regions have been defined based on hydrographical regimes (Dietrich, 1950; Laevastu, 1963; Lee, 1970 Lee, , 1980 Otto et al., 1990) . For this study we adopted the eight different water masses defined by Laevastu (1963) . We used data from the German Small-Scale Bottom Trawl Survey (GSBTS), exceptional for its large temporal and spatial coverage and fine resolution. Since 1987 the GSBTS has sampled intensely areas located throughout the North Sea using a standardized sampling scheme (Ehrich et al., 2007) . Areas sampled by GSBTS and used in this study were located in five of the eight different water masses proposed by Laevastu (1963) . With the help of multivariate techniques this study aimed at identifying spatial patterns in fish assemblage structures, and to relate patterns to prevailing hydrographical features.
MATERIALS AND METHODS

The water masses of the North Sea
The North Sea is in connection with the North Atlantic in the north, with the Baltic Sea through Skagerrak and Kattegat in the east and with the English Channel in the south. The strength of exchange depends on the currents mainly induced by strong winds from prevailing directions. During winter, water masses in the shallow southern areas as well as in the deeper northern North Sea are well mixed. In spring, the surface layer warms up and a thermocline develops northward from a transition line from northern Denmark to England (the Wash; nearly 50-m depth line), and separates the cold bottom water from the warm upper layer in the central and northern North Sea until autumn (Otto et al., 1990) . The region with the greatest vertical contrast in temperature was found by Tomczak and Goedecke (1964) in the central North Sea and during summer, due to topography and circular currents, the coldest water at the bottom exists in the central North Sea, and temperatures increase towards the south as well as towards the north.
A division of the North Sea into sub-areas, e.g. by flushing times or the separation of North Sea water into different water masses, always have a somewhat arbitrary character (Otto et al., 1990) . Hydrographical conditions such as run-off, are in permanent change and boundaries between the water masses are only based on mean conditions. Nevertheless, the definition and geographical identification of water masses done by Dietrich (1950) and Laevastu (1963) are useful, so that Lee (1980) defined a number of 'hydrographical regions' that more or less correspond with the areas occupied by these identified water masses, and more recent studies on water masses in the North Sea (Otto et al., 1990) are also based on these definitions.
For this study we used the chart of the distribution of water masses in the North Sea in summer given by Laevastu (1963) , which differentiates eight water masses: North Atlantic Water, Channel Water, Skagerrak Water, Scottish Coastal Water, English Coastal Water, Continental Coastal Water, Northern North Sea Water and Central North Sea Water (Fig. 1) . GSBTS sampling areas were located within the boundaries of five of these water masses.
Data for the study
We used data from the GSBTS database from surveys conducted annually between 1987 and 2005 from June to September, onboard the research vessels Walther Herwig, Walther Herwig III, SOLEA I and SOLEA II. Surveys were conducted in 12 sampling areas of 10 · 10 nm ('boxes') located throughout the North Sea (Fig. 1) . Fishing was performed with the Chalut à Grande Ouverture Verticale (GOV) on both Walther Herwigs and with a cod trawl (CT) on both SOLEAs. The target trawling duration was 30 min at a speed of 4 knots for GOV and 3.5 knots for the CT gears. The location, as well as the trawl direction, within each GSBTS box was selected at random (Ehrich et al., 2007) . Aboard, for each haul the entire catch was sorted according to species and enumerated; sub-samples were taken for abundant species. We used data from 2951 hauls, where the number of hauls sampled annually by box ranged from six to 39 (Table 1) . Complementary to the biological programme, vertical profiles of temperature and salinity were obtained during most operations.
For the analysis of the fish assemblages we used numbers of fish by species caught by haul. Between 19 and 25 species (excluding eight pelagic species; see below) were recorded within a box and 81 species in all boxes during the study period. As we were investigating bottom fish assemblages and the gears were designed to sample demersal ground-fish, we excluded data from pelagic species such as herring (Clupea harengus), sprat (Sprattus sprattus), anchovy (Engraulis encrasicolus), pilchard (Sardina pilchardus), horse mackerel (Trachurus trachurus) and mackerel (Scomber scombrus). We also excluded species that were caught only once in a box, which resulted in a total number of 66 species considered for the subsequent analyses.
Statistical analysis
To investigate the linkage between spatial variability of fish assemblages and North Sea water masses we followed an explorative approach using ordination techniques and also Mantel tests (Legendre and Legendre, 1998) .
We followed initially a bottom-up approach (see Eastwood et al., 2006) to analyse community associations from fish samples as we used non-metric multidimensional scaling (NMDS) (Faith et al., 1987; Clarke, 1993) , which is a robust ordination technique. We calculated NMDS plots on the base of Bray-Curtis dissimilarity matrices (Bray and Curtis, 1957) . We standardized fish numbers using a Wisconsin double Figure 1 . Location of sampling areas (boxes) for the study and North Sea distribution of water masses during summer after Laevastu (1963) standardization, where species are first standardized by their maxima and then by site totals (Oksanen, 1983; Legendre and Gallagher, 2001) . With the help of NMDS plots we explored spatial variability of fish communities among boxes and classified them into clusters. We also produced NMDS plots with site scores labelled according to the boxes (Table 2) , the location within water masses, and the species in the assemblages. Hence, we superimposed a classification scheme based on both the hydrographical conditions and the degree of overlap of the site scores.
Subsequently, we explored the variability of the fish composition among associated clusters, boxes and⁄or sampling years by conducting a permutational multivariate analysis of variance using distance matrices, which allows for a direct additive partitioning of the variation (Anderson, 2001 ). This method is also referred to as nonparametric MANOVA. Significance tests are based on F-tests using sequential sums of squares from permutation of the raw data.
We then calculated similarity percentages (SIM-PER; Clarke, 1993) to identify which species contributed most to the similarity within clusters (typifying species) and dissimilarity (discriminating species) between clusters. The method is based on the analysis of Bray-Curtis similarity matrices derived from cluster-species compositions within and between the categorized assemblages. We used square roottransformed mean abundances for the SIMPER analysis. We considered species within each assemblage as typifying species if they contributed to the top 90% of average similarity within the assemblage, and as discriminating species if they contributed to the top 90% of dissimilarity between assemblages. Table 2 . Location of sampling areas (Box, in Fig. 1 ) within water masses proposed by Laevastu (1963) and according to prevailing hydrographical conditions during the study (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) To further test the link between fish assemblages and the distinct water masses we computed Mantel tests and partial Mantel tests for correlation between distance (dissimilarity) matrices (Legendre and Legendre, 1998) . We used only box-year combinations where average data on both abundance and hydrographical measurements were available (98 boxyear combinations; 892 hauls with hydrographical measurements). We further used Wisconsin standardized species abundances to compute a Bray-Curtis dissimilarity matrix (referred to as bio). The second dissimilarity matrix (referred to as hydro) was based on the hydrographical variables bottom temperature, bottom salinity, surface temperature and surface salinity using Euclidean distances. The third matrix (referred to as space) was the relative geographical distance between boxes. With this analysis we tested whether samples that were hydrographically similar were also similar in fish composition, whether samples that were close together were also compositionally similar, and whether samples that were close together were also hydrographically similar. Then, we computed partial Mantel tests (Mantel, 1967; Smouse et al.,1986 ) taking into account the relative geographical distances between sample locations (Legendre et al., 2005) . These provide information on the spatial relationships between fish assemblages and hydrographical variables while accounting for spatial structure within the data by testing whether samples that are hydrographically similar are also similar in fish composition, controlling for the space effect. We calculated all tests with 1000 permutations based on the Pearson correlation.
We computed NMDS plots, nonparametric MANOVA and Mantel tests using the package 'vegan' (Oksanen et al., 2007) available within the statistical programming environment R (R Development Team, 2007) , and we conducted SIMPER analyses with PRIMER v5 (Plymouth Marine Laboratory, Plymouth, UK).
RESULTS
Hydrographical conditions in the study areas
Hydrographical information obtained during GSBTS allowed confirmation of the origin of the water masses dominating the sampling areas. Bottom water temperatures and salinities among boxes ranged respectively from about 4 to 20°C and 31.7-35.4, surface water temperatures and salinities from 8.5 to 20.2°C and 29.9-35.4, and water depth from 17 to 119 m (Table 3) . Boxes A and N were dominated by Continental Water masses, generally well mixed, except when wind and weather introduced a low salinity surface layer caused by river runoff. Stratification developed by heating of the surface during calm high pressure weather. In Box N, the oxygen content of the bottom layer was reduced to critical values when undisturbed for some weeks. Boxes B and D were dominated by relatively stable North Atlantic Water masses characterized by a thermocline and occasionally a second near surface temperature stratification developed when Scottish Coastal Water was driven by stable westerly winds. Boxes C, H, L and M were dominated by vertically homohaline Northern North Sea Water masses, with a persistent thermocline. In Box C, Norwegian Deep Water moved temporarily in the near bottom layer, with temperatures and salinities originating from the Atlantic Inflow. Long-lasting winds of northeast direction caused Baltic Outflow Water to generate a thin near-surface halocline plus Table 3 . Depth, bottom water temperature and salinity, and surface temperature and salinity measured within sampling areas (Box, in Fig. 1 ) during summer (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) 
Linking bottom fish assemblages to water masses
The most abundant demersal species in the catch (Table 4) , which contributed to about 95% of the total were: whiting (Merlangius merlangus; 28.2%), Norway pout (Trisopterus esmarki; 26.2%), haddock (Melanogrammus aeglefinus; 21.5%), dab (Limanda limanda; 14.6%), long rough dab (Hippoglossoides platessoides; 2.9%) and grey gurnard (Eutrigla gurnardus; 1.7%). The NMDS plot with site scores labelled according to boxes (Fig. 2a) allows three major clusters to be distinguished: one corresponds to box F separated without overlap from other boxes; a second consists of Boxes A, N, E, K and P (all situated in the southern part of the North Sea with depths shallower than 50 m); and a third contains Boxes C, H, L, M, B and D (situated in areas deeper than 50 m with thermally stratified water masses in summer). More details became apparent within the latter two clusters when additional analyses were performed. The NMDS plot with site scores labelled according to water masses (Fig. 2b) shows a clear separation of ground-fish species assemblages according to the five water masses within which they were located. A first cluster contains Box F and corresponds to the Channel (CC) Water; a second contains Boxes A and N and corresponds to the Continental Coastal (CCC) Water; a third contains Boxes E, K, and P and corresponds to the Central North Sea (CNSC) Water; a fourth contains Boxes H, C, L, and M and corresponds to the Northern North Sea (NNSC) Water, and the fifth contains boxes B and D and corresponds to the North Atlantic (NAC) Water (Table 2, Fig. 1) . Clearly, clusters CCC, CNCS, NAC, and NNSC were disconnected from cluster CC. A second gradient separated northern clusters (NAC and NNSC) from southern clusters (CCC and CNSC). The NMDS plots with sites scores labelled according to species (Fig. 2c) allowed the characterization of their importance in the respective assemblages. Widespread and highly abundant species such as whiting, grey gurnard or dab appear closer to the centre of the NMDS plot. Species rather associated to the northern clusters (NNS and NA) were for example saithe (Pollachius virens), blue whiting (Microstomus poutassou), and starry smooth-hound (Mustelus asterias), whereas lesser weever (Echiichthys vipera), and pouting (Trisopterus luscus) are plotted relative close to the Channel cluster. In contrast, flatfish species such as flounder (Platichthys flesus) and solenette (Buglossidium luteum) characterized the Continental Coastal Cluster.
The results of the nonparametric MANOVA revealed significant variation of fish assemblages among boxes [F(11,143) = 11.04, P < 0.001, partial r 2 = 0.459], and significant variation among clusters [F(4,150) = 16.38, P < 0.001, partial r 2 = 0.304]. In contrast, results did not show significant variation of fish assemblages among years [F(19,135) = 0.93, P = 0.703, partial r 2 = 0.116]. The interaction between the factors cluster and sampling year was significant [F(89,65) = 1.64, P < 0.001, partial r 2 = 0.692]. Thus, the results of both the NMDS plots and MANOVA indicate that spatial variability dominated over temporal variability.
Species abundances and relative importance of the 66 species selected varied among the five assemblages identified (Table 4 ; Fig. 3 ). Species with highest abundances (rank 1-3) in more than one cluster were dab (three clusters), haddock (two clusters), whiting (four clusters), and Norway pout (two clusters) (Table 4 ; Fig. 3) .
The Continental Coastal (CC) assemblage was characterized by high abundances of dab, whiting and greater sandeel (Hyperoplus lanceolatus) and contributions of anadromous species such as European river lamprey (Lampetra fluviatilis), sea lamprey (Petromyzon marinus), sea trout (Salmo trutta), flatfishes such as flounder and solenette, and species tolerant of brackish Both lamprey species and sea trout and Nilsson's pipefish (Syngnathus rostellatus) were exclusively caught within the CC assemblage. The Central North Sea (CNS) fish assemblage was dominated by whiting, dab and grey gurnard, and also characterized by the relatively high occurrence of fourbeard rockling (Rhinonemus cimbrius). In the Channel (C) assemblage the most abundant species were whiting, poor cod (Trisopterus minutus), and bib (Trisopterus luscus). Species well represented only in the C assemblage were sharks and rays such as smooth-hound (Mustelus mustelus) and spotted ray (Raja montagui), black seabream (Spondyliosoma cantharus), and greater weever (Trachinus draco). The Northern North Sea (NNS) assemblage was dominated by Norway pout, haddock, and dab and characterized by high representations of greater argentine (Argentina silus), snakeblenny (Lumpenus lampretaeformis), straightnose pipefish, pollack (Pollachius pollachius), and saithe, which were nearly absent in the Channel and more southern clusters. The three most abundant species in the North Atlantic assemblage (NA) were Norway pout, haddock, and whiting. The less abundant silvery cod (Gadiculus argenteus), starry smooth-hound (Mustelus asterias), and cuckoo ray (Raja naevus) characterized this assemblage as they were absent in all others. The highest average similarity within clusters (65.73%) was obtained for the NAC cluster and the lowest similarity (54.69%) for the CCC cluster.
Between six and seven typifying species were identified for each cluster, whereas grey gurnard, dab and whiting were among the typifying species in all clusters ( Table 5 ). The typifying species of the southern clusters CCC and CNSC were similar except for solenette, which was a typifying species only of cluster CCC. Typifying species of the northern clusters NAC and NNSC were more variable.
High dissimilarities were found between northern and southern clusters, whereas lower dissimilarities were found among northern clusters and southern clusters (Table 6 ). Lesser weever, pouting, and poor cod contributed greatly to the discrimination of the CC cluster, as these species were defined as typifying species only in that cluster. In general, E. gurnardus, L. limanda and M. merlangus contributed to the discrimination of each cluster combination. The separation of the southern clusters was mainly due to L. limanda and M. merlangus, whereas the distinction of the northern clusters was mainly caused by M. aeglefinus, M. merlangus and T. esmarki.
Mantel tests revealed that samples similar in species composition came from areas with similar hydrographical characteristics (bio versus hydro, Mantel statistic: 0.4205, P < 0.001), samples similar in species composition were also closer together (bio versus space, Mantel statistic: 0.7013, P < 0.001) and samples that were closer together came from areas hydrographically similar (hydro versus space, Mantel statistic: 0.2962, P < 0.001). Further, the result of the partial Mantel test, which considered the relative geographical distance between boxes, showed a clear correlation between species composition and hydrographical conditions (Mantel statistic: 0.3124, P < 0.001).
DISCUSSION
In this study, we linked large scale spatial variability of fish assemblages in the North Sea and water masses, based on data from a long-term monitoring effort, the GSBTS. Our findings showed on a large spatial scale five significantly distinct clusters of bottom fish associations. Assemblages are species that tend to co-occur because they have similar habitat preferences (Mahon et al., 1998) . Associations showed a strong degree of persistence, as the assemblages were distinguishable throughout the study period. Although interannual stability of fish assemblages was shown by the dominance of spatial variability over temporal variability by the nonparametric MANOVA, sampling effort across the boxes varied among years (Table 1) , which could have affected the analysis. We used ordination techniques to explore fish assemblage associations and to define clusters of GSBTS sampling areas (boxes) based on species composition and location within North Sea water masses following a combined bottom-up and top-down approach (see Eastwood et al., 2006) . Eastwood et al. (2006) showed that the use of the top-down approaches by superimposing a physical classification scheme could lead to imprecise biological assemblage maps. Other approaches to identify fish assemblages use combinations of cluster analysis with Bayesian multinomial logit models to calculate the likelihood of samples to belong to clusters (see Jørgensen et al., 2005) . Our approach to define clusters of GSBTS boxes was a combination of both approaches, bottomup and top-down, which is based on similar associations and the location of boxes within water masses. Ultimately, this allowed us to test the hypotheses that large scale spatial variation of fish assemblages was linked to the hydrographical conditions. Species most influential in defining the fish assemblages were common species such as grey gurnard, dab, whiting, and haddock, which is in (Table 4) . agreement with results in the north-western North Sea showing that differences in assemblages among three regions over a century of intensive fishing could be explained by changes in abundance of common species such as Norway pout and whiting (Greenstreet and Hall, 1996) . Previous studies within GSBTS sampling areas showed that the link between fish assemblages and water masses during summer is underpinned by the proportion of species of southern origin (Lusitanian fauna) in the catch, with a highly significant positive correlation with bottom temperature (Ehrich and Stransky, 2001 ). In our study, proportions of southern origin were also by far the lowest (13-19%) where water was coldest (Boxes H and C) and increased to the south (47-48%) and to the north (22-33%) where temperatures were highest (Boxes A, E and F and Boxes B, D, L and M, respectively) .
The separation between southern and northern clusters is consistent with the position of the most important boundary in the North Sea, which represents the lower boundary line between stratified and mixed water masses (at 40-50 m depth), and is in line with studies of the North Sea bottom fish fauna by Daan et al. (1990) and Callaway et al. (2002) . The first study, based on cluster analysis and mean catches of the 50 most abundant species in the English groundfish surveys from 1982 to 1986, defined three zoogeographical units, the shelf edge, central and northern, and southern regions, with the divisions between southern and northern regions along the 40-m depth contour. The most abundant species in the southern region were dab, whiting, grey gurnard and plaice (Pleuronectes platessa), the same species that in our study were dominant within southern clusters (CCC and CNSC). The central and northern region in Daan et al. (1990) was dominated by haddock, whiting, cod, and Norway pout. The region corresponds to the Central North Sea and the North Atlantic regions in our study, and although we found that haddock and whiting dominated the catch in both regions, we also found dab and long rough dab to be also important in the Central North Sea, and dab and Norway pout to be important in the North Atlantic region. The absence of cod as dominant species in our study reflects the decreasing trend in the cod stock during the last decades (Holmes et al., 2008; Gray et al., in press ). The second study by Callaway et al. (2002) classified the North Sea fish fauna into five sub-communities, three in the southern, one in the central, and one in the northern North Sea. Sub-communities were divided along the 50-, 100-and 200-m depth contours and near the entrance of the English Channel. The analysis in the study included pelagic species and was based on data from only one summer, collected during the 2000 International Bottom Trawl Survey, and results were not comparable with ours using meso-scaled sampling areas and those from Daan et al. (1990) .
The North Sea fish assemblages identified in our study may not be fully representative for bottom fish communities in the surveyed areas as catch was influenced by selectivity of the trawl gear. The bottom trawl gear catches a variety of species ranging from those buried in the sediment such as flatfishes, to those found in the upper layer of the water column such as mackerel and scad. Further, during fishing operations, the contact of the rubber disk ground ropes to the bottom was weak, and species living very close to the bottom like solenette, scaldfish (Arnoglossus laterna) and hooknose (Agonus cataphractus) can be underrepresented in the catch. These species constituted <5% of catch, much less than the catch of a beamtrawl (S. Ehrich, unpublished data). Nevertheless, we do not expect our findings of spatial patterns of fish communities and linkages with water masses to be affected by gear selectivity, as highly standardized methods were followed during GSBTS.
A general factor that can affect spatial analysis of fish assemblages is autocorrelation resulting from spatial structure in catch data (Petitgas, 2001) . Recent studies using GSBTS data showed spatial autocorrelation at the scale of the boxes and the impact of water depth and survey scale on the spatial structuring of catch data (Stelzenmüller et al., 2004 (Stelzenmüller et al., , 2005 . The spatial scale of the box seemed to be the threshold at which spatial autocorrelation can hamper estimations of mean catches and associated variances, and habitat association was more pronounced with increasing spatial scale for species such as haddock and whiting (Stelzenmüller et al., 2005) . Here, we controlled the effect of spatial distance between boxes when we assessed the link between fish associations and the hydrographical environment by computing partial Mantel tests. Our results further showed significant linkage between bottom fish assemblages and hydrographical environment.
The structure of fish assemblages in the North Sea is strongly influenced by ontogenetic, spawning and feeding migrations of several fish species (Daan et al., 1990) . Analysis of bottom fish assemblages in this study are based on summer distribution and the degree of seasonal variation cannot be estimated due to lack of data. Nevertheless, we do not expect significant seasonal changes as movements of demersal fish are rather local compared with seasonal North Sea-wide migrations described for pelagic species such as herring, mackerel and scad (Knijn et al., 1993) .
Our results for the North Sea region strongly support the hypotheses of a strong link between hydrographical features such as water masses, fronts and residual currents and bottom fish assemblages. The spatial variability in fish assemblages not explained by hydrographical features might be caused by variation in habitat features such as depth, sediment structure and⁄or substrate type (Daan et al., 1990; Greenstreet and Hall, 1996; Callaway et al., 2002) . Menge and Olson (1990) postulated that the relative influence of factors that structure communities depends on the spatial scale. Numerous studies support this conceptual framework. On a regional and local scale, population distribution and relative abundance are mostly influenced by the interaction of physical factors (e.g. depth, seabed structure, substrate) and biological processes such as predator-prey relationships (e.g. Ellis et al., 2000; Callaway et al., 2002; Barletta et al., 2005; Jaureguizar et al., 2006) . For instance, within estuaries, salinity and temperature have been found to be major driving forces structuring fish assemblages (Jaureguizar et al., 2004; Barletta et al., 2005) , whereas in coastal areas, depth, temperature and substrate have been defined to be the dominating factors (Ellis et al., 2000) . Further regional scale studies showed the link between both hydrographical features and bathymetry and bottom fish assemblages, for example in the North Sea (Callaway et al., 2002) , the northern Argentine coastal system (Jaureguizar et al.,2006) , the Azores Archipelago (Menezes et al., 2006) , or the Grand Bank (Gomes and Headrich, 1992) . At large spatial scales, patterns of community structure are rather influenced by variation in environmental or climatic conditions, long-range dispersal vectors, nutrients and primary production (Cushing, 1983) . For example, a study by Gaertner et al. (2005) demonstrated that bottom fish assemblages in the north-western Mediterranean Sea were structured by hydrographical features such as water masses and fronts rather than by bathymetry.
Accordingly, at a regional North Sea scale it is expected that local variation of water masses and currents derived from climatic differences could result in significant different bottom fish assemblages. Furthermore, the role of fishing in fish community structuring should not be neglected (Piet and Rijnsdorp, 1998; Rogers et al., 1999) .
Understanding the degree of variation of fish community structures at biological meaningful spatial scales is a crucial point for spatially explicit manage- Table 4 for species names). A relative abundance of 0 should not be interpreted as a general non-occurrence of the species in this cluster. 
